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Corrosion-Based Synthesis of Single-Crystal Pd
Nanoboxes and Nanocages and Their Surface
Plasmon Properties**

Yujie Xiong, Benjamin Wiley, Jingyi Chen, Zhi-Yuan Li,
Yadong Yin, and Younan Xia*

Corrosion can be broadly defined as “the damage to metal
caused by reactions with its environment,” and may take place
in many different forms such as pitting, crevice etching,
intergranular exchange, galvanic replacement, and dealloy-
ing. Although corrosion is generally undesirable (automo-
bile corrosion alone costs $16 billion annually!), it can be
exploited as a versatile route to porous structures such as
metal membranes” While many solution-phase methods
have been developed for synthesizing nanoparticles with well-
controlled shapes,”! it is still a great challenge to generate
hollow nanostructures without involving exotic templates. We
recently found that the galvanic replacement reaction
between Ag templates and HAuCl, in an aqueous medium
could lead to the formation of hollow nanostructures with
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controllable void size, wall porosity, and shell thickness.[*
More interestingly, the surface plasmon resonance (SPR)
peaks of the resultant nanostructures could be continuously
shifted from the blue (400 nm) to the near infrared (1200 nm)
region by controlling the molar ratio of Ag to HAuCl, and
thus the extent of replacement, alloying, and dealloying.
Ideally, one would prefer a one-step synthesis that is able to
tune the SPR properties of metal nanostructures without the
requirement of templates made of a different metal. Here we
demonstrate that corrosive etching of single-crystal Pd nano-
cubes could be used to transform them into nanoboxes and
nanocages by controlling the reaction time.

As demonstrated in previous studies, Pd nanoparticles
play an important role in hydrogen storage,” serve as the
primary catalyst for the reduction of pollutants emitted from
automobiles,’® and facilitate organic reactions such as Suzuki,
Heck, and Stille couplings.”! Their performance could be
tuned or improved for most of these applications by process-
ing Pd nanostructures into hollow ones. For example,
although solid Pd nanoparticles usually lose their catalytic
activity after one round of Suzuki coupling reactions,™
hollow Pd spheres remained highly active for at least 24
rounds of reactions.”” While the SPR properties of Au and
Ag have enabled many applications such as colorimetric
sensing, nanoscale wave-guiding, and enhancement of elec-
tromagnetic fields and light transmission,® the SPR proper-
ties of Pd nanoparticles remain largely unexplored since Pd
particles less than 10 nm in size give no resonance peak in the
visible and near infrared regions.’) Furthermore, the specific
sensitivity of Pd towards hydrogen makes it especially
interesting for fabricating SPR-based sensors for hydrogen
gasl”!' We found by using discrete dipole approximation
(DDA) calculations'!l that the resonant peak of Pd nano-
shells with outer diameters of 48 nm could be tuned from 530
to 870 nm by tailoring their wall thickness from 6 to 3 nm. To
demonstrate that Pd nanostructures with hollow interiors
could indeed exhibit tunable SPR extinction peaks in the
visible region we have synthesized single-crystal Pd nano-
boxes and nanocages by a self-templating, corrosive pitting
process.

The synthesis was conducted in a solution containing
ethylene glycol, water, and poly(vinyl pyrrolidone) (PVP)
with the addition of Na,PdCl, as a precursor to Pd. The
reaction can be divided into six distinctive stages based on
both microscopic and spectroscopic observations. Reduction
of [PdCL]*" to Pd atoms dominated up until t=18 h (Fig-
ure 1a), with the Pd atoms nucleating and growing into
nanocubes (with slightly truncated corners) with edge lengths
of approximately 48 nm. Oxidative etching of the Pd nano-
cubes by O, (that is, corrosion) started to surpass the
reduction process at r=20h. Small pits were observed in
the surfaces of individual Pd nanocubes (Figure 1b), thus
implying that the corrosion was initiated locally rather than
uniformly over the entire surface of each cube. Over the next
hour the interior of each cube became increasingly empty
while the size of the hole in the surface started to shrink to
form a box with relatively thick walls (Figure 1c). After
another hour the void was further increased in size and each
Pd cube evolved into a completely empty box with somewhat
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Figure 1. TEM images of the products at different reaction stages:
a)t=18h; b)t=20h;c)t=21h;d)t=22h; e)t=24 h; and f) t=28 h.
Note that the 100-nm bar applies to all images. The upper right and lower
left insets show enlarged TEM and SEM images of an individual particle
taken from each product, respectively.

truncated corners (Figure 1d). Note that the hole in the
surface had by now disappeared so that the nanobox was
enclosed by a smooth, thin wall with a thickness of about
8 nm. Small holes appeared at the corners of each nanobox if
the reaction was continued beyond this point. Holes of about
10 nm in diameter punctured each corner at t=24h (Fig-
ure le), thus turning the nanobox into a cage. The Pd
nanocage had an edge length of approximately 48 nm and was
characterized by a uniform wall thickness of about 6 nm. It is
worth noting that the outer diameter of the nanobox and
nanocage exhibited no significant change relative to the initial
Pd nanocube. The nanocage finally evolved into a ring
(probably through additional etching and Ostwald ripening),
thus causing the wall thickness to increase slightly from 6 to
10-20 nm (Figure 1 f).

The Pd nanostructures displayed distinctive colors since
SPR is strongly dependent on wall thickness. As shown by the
inset in Figure 2a, the aqueous suspensions changed from
yellow to orange to purple as the solid Pd nanocubes were
transformed into hollow boxes and then porous cages.
Figure 2a shows the UV/Vis extinction spectra recorded
from the six aqueous suspensions. The Pd nanocubes exhib-
ited an SPR peak at 410 nm, which was consistent with the
results of DDA calculations (see the Supporting Informa-
tion).'Y) The SPR peak was red-shifted to 430 nm as holes
appeared in their surfaces. The formation of hollow structures
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Figure 2. Surface plasmon properties of the Pd nanostructures shown
in Figure 1: a) UV/Vis extinction spectra recorded from aqueous
suspensions of the as-synthesized samples (see the inset, all spectra
are normalized against the intensities of their strongest peaks); and
b) DDA calculation of extinction, scattering, and absorption cross-
sections of the Pd nanocage depicted in the inset.

with thick walls (and relatively rough inner surfaces) resulted
in the sample exhibiting an SPR peak at 443 nm. The
extinction peak was further shifted to 452 nm as the wall of
the nanoboxes was thinned to 8 nm. Once the product had
evolved into nanocages with an edge length of 48 nm and a
wall thickness of 6 nm, the SPR peak was shifted to 520 nm,
which matched the calculated spectra (Figure2b). The
extinction (C.), absorption (C,,), and scattering (Ci.,)
cross-sections are related by the following equation: C,, =
Cabs + Csca'

Figure 3 a and b show typical SEM and TEM images of the
Pd nanoboxes at relatively low magnifications which indicate
that over 95% of the hollow structures inherited the
truncated, cubic shape of the initial cubes. The fringes in the
HRTEM images (Figure 3¢ and d) showed a period of 2.0 A,
which was consistent with the {200} lattice spacing of face-
centered-cubic Pd. These images also displayed well-resolved,
continuous fringes with the same orientation, thus implying
that the Pd nanobox, like the starting Pd nanocube, was a
piece of single crystal. The inset of Figure 3¢ shows a
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expedite the pitting process.”®! On the other hand, the
presence of a small amount of water can enhance the
solubility of O, and profoundly increase the corrosion
rate.!! In addition to the augmentation by O,, Cl™ ions, and
H,O, the amount of PVP was also found to be critical to the
formation of hollow Pd nanostructures through a corrosion
process. A large amount of PVP (with the ratio of PVP to Pd
being 15:1) could ensure that the surface of each Pd nanocube
was effectively covered by this polymer. In addition, the
surface of each Pd nanocube is likely covered by a thin layer
of palladium oxide.® Both of these factors could make the
surface of a Pd nanocube less reactive than the freshly
exposed interior once the pitting process has started.""!

Figure 4 summarizes all the major steps involved in the
corrosive etching process. Compared with the system without
water (which produced Pd particles ca. 8 nm in size),"®! the
presence of water significantly accelerated the oxidative

Fi ) - etching of Pd, and thus reduced the number of seeds formed
igure 3. Electron microscopy characterization of the Pd nanoboxes . ’ .
obtained at t=22 h: a) SEM image; b) TEM image; and c, d) high- in the nucleation step. As we have recently demonstrated in a
resolution TEM images. The inset of (c) shows an electron diffraction case where Fe'"" ions were added as the oxidative etchant,““] a
pattern taken from the side surface of an individual Pd nanobox. decrease in the number of seeds resulted in formation of Pd
nanocubes with larger sizes when the concentration of the Pd
precursor was maintained. As in the corrosion of bulk metals,
nanoprobe electron diffraction (ED) pattern obtained by the presence of water also facilitated the pitting process. Once
aligning the beam perpendicular to one of the side faces of a  a pit was formed at a specific site on the surface of a Pd cube
cubic box. The spots could be indexed to the {200} diffraction  (step a), further corrosion would occur preferentially inside
of face-centered-cubic Pd. This diffraction pattern also
suggests that the Pd nanobox was a single crystal with its
symmetry similar to that of the initial Pd nanocube, which was
enclosed by {100} facets. Both powder XRD and microprobe ~ ¥*% #*
ED patterns (see the Supporting Information) further con- [l o
firms the high phase purity and crystallinity of the Pd
nanoboxes.
To analyze the corrosive etching process that transformed cross- (@)
Pd nanocubes into nanocages we recorded UV/Vis spectra of ~ section —
the solution at different stages of the reaction (see the
Supporting Information, the Pd nanoparticles were removed
by centrifugation before the spectra were taken). The i
extinction peak at 242 nm (see the Supporting Information) ~ Anode Reaction: Pd + (4-n)CI™+ nH,0 — [PACL(HO)I*" + 2¢7 ©
corresponds to [PdCl]*~ while that at 278 nm can be  Cathode Reacton: O+ 2H,0 + 4e™ — 40H"
attributed to  water-substituted [PdCL,]*~  ([PdCl,_,-
(H,0),]®™") species." The peak at 242 nm disappeared St
quickly when [PdCL]*~ was reduced by ethylene glycol to () z el @GE : >
generate Pd atoms and then nanocubes (see the Supporting 3 é
Information). The concentration of water-substituted ’W 4 e
[PACL,]*~ steadily increased as the nanocubes were etched \%/ N %.
by corrosive pitting. Similar to the corrosion of bulk metals, ™! 7 ¢
0,, Cl ions, and H,O are all instrumental for the initiation of Figure 4. Schematic illustration summarizing all the major morpholog-
e . ical changes involved in the synthesis of Pd nanoboxes and nanocages
plttlng on the Sur,faces of Pd nanocubes. As documented l_n th,e by corrosive etching: a) Pitting at a specific site on the surface of a
literature, corrosion most commonly occurs when the O, in air nanocube where the O, dissolved in the solvent received electrons
is dissolved in a thin film of water on the surface of a metal,  fiom the cathode and generated hydroxide ions that migrated towards
thereby picking up electrons from the cathode to form the anode; b) formation of hollow structures after further etching of
hydroxide ions that then migrate towards the anode.l!! If the the interior of the nanocube, and the concentration of water-substi-
anode and cathode are located at different sites on the metal ~ tuted [PdCLJ"" increased; c) formation of a completely enclosed Pd
surface because of differences in the local environment (for ~ 1anobox by reducing the water-substituted [PCL]*" species to form
. . Pd atoms at the edge of each hole; d) formation of nanocages by
§xampl§, Surfa'ce. heterogen'elty and/pr Cogcentratlons of dissolving Pd from the corners of the nanobox; and e) reconstruction
ions), either pitting or crevice corrosion will take place.[l] of the nanocage by relocating all the holes from the corners to side
Like the corrosion of bulk metals, adsorption of chloride ions  faces and thickening of the wall as a result of additional reduction of
can greatly increase the rate of surface diffusion and therefore  the water-substituted [PdCl,]*~ species.
Angew. Chem. Int. Ed. 2005, 44, 7913-7917 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 7915
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the pit, thus leading to formation of a hollow nanostructure
(stepb). As etching was continued, the concentration of
water-substituted [PdCl,]*~ sufficiently increased to allow the
reduction by ethylene glycol to take place at the edge of a
hole, thus causing it to gradually shrink in size. Since the
reduction of water-substituted [PdCl,]*" by ethylene glycol
was minimal, most of these ionic species were retained in the
solution rather than being reduced and deposited onto the
outer surface of the Pd nanoboxes. This argument is
supported by the UV/Vis spectra (see the Supporting
Information), and it is for this reason why the outer
dimensions of the Pd nanocubes, nanoboxes, and nanocages
were essentially the same. It is the combination of continuous
etching of the Pd nanocube from the interior and some
reduction of the Pd" species at the edge of the hole that
resulted in the formation of Pd nanobox by r =22 h (step ¢). It
is worth pointing out that such a self-templating and self-
etching process has also been observed in the solution-phase
synthesis of ZnO microtubes.'”] The Pd nanoboxes were as
unstable as the nanocubes when exposed to the corrosive
environment. Under the illumination of light, the electric field
intensity should concentrate at the corners, thus increasing
the surface charge at these sites.'! As a result, corrosive
etching of the Pd nanoboxes preferentially occurred at the
corners, thus leading to the formation of Pd nanocages with
all eight corners being truncated (step d). This is different
from the synthesis performed in the dark (see the Supporting
Information). Further corrosion caused these holes to
increase in dimension until the Pd nanocages evolved into
rings. At the same time, continuous reduction of the water-
substituted [PdCl,]*~ species occurred on the exterior surface
of the nanocages, which led to the formation of nanorings
(step e). This course of materials transfer resembles the
conventional “Ostward ripening” process. Overall, the void
size, shell thickness, and wall porosity of Pd hollow nano-
structures were determined by the net difference between two
opposite reactions: the reduction of the Pd" precursor to form
Pd’ atoms, and the oxidation of Pd (both atoms and nano-
structures) into Pd" species.

In summary, metal corrosion is a familiar and common
natural phenomenon that, while normally viewed as a
detrimental process that destroys the usefulness of tools and
machines, can also serve as a simple, elegant, and powerful
method for the fabrication of hollow nanostructures with
controllable optical properties. More specifically, corrosive
pitting and etching could be combined to transform single-
crystal Pd nanocubes into nanoboxes and nanocages in a one-
pot synthesis without the involvement of exotic templates.
The SPR peaks of Pd nanostructures could be tuned from 410
to 520 nm by empting their interiors. Our DDA calculations
indicated that the SPR peak of the Pd nanocages with edge
lengths of 48 nm could be further red-shifted to 870 nm by
decreasing their wall thickness to 3 nm.

Experimental Section

In a typical synthesis, ethylene glycol (5 mL, J. T. Baker) was placed in
a 3-neck flask (equipped with a reflux condenser and a teflon-coated
magnetic stirring bar) and heated in air at 100°C for 1 h. Meanwhile,
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palladium(i1) sodium chloride (0.0486 g, Na,PdCl,, Aldrich) and
poly(vinyl pyrrolidone) (0.2747 g, PVP, M.W.=55000, Aldrich)
were dissolved at room temperature in ethylene glycol (3 mL) and
water (3 mL), respectively. These two solutions (with the molar ratio
between Pd and the repeating unit of PVP being 1:15) were then
injected simultaneously into the flask with a syringe pump at a rate of
45 mLh™'. Heating of the reaction at 100°C was continued in air for
28 h. A set of samples were taken over the course of a synthesis with a
glass pipette. To minimize temperature perturbation during sampling,
the glass pipette was held just above the solution and preheated for
30 s before immersion. For the argon-protected synthesis, all other
experimental parameters were kept the same except for the
continuous bubbling of argon. The samples were washed with acetone
and then with ethanol several times before they were centrifuged at a
rate of 6000 rpm for 10 min to remove most of the ethylene glycol and
excess PVP. The samples were characterized by transmission electron
microscopy (TEM), high-resolution TEM, scanning electron micro-
scopy (SEM), electron diffraction (ED), and powder X-ray diffrac-
tion (PXRD).

TEM images and microprobe ED patterns were recorded on a
Phillips 420 transmission electron microscope operated at 120 kV.
HRTEM images and nanoprobe ED patterns were taken on a
Jeol 2010 LaB6 high-resolution transmission electron microscope
operated at 200 kV. PXRD patterns were recorded on a Philips 1820
diffractometer equipped with a Cug, radiation source (1=
1.54180 A). SEM images were taken on a FEI field-emission scanning
electron microscope (Sirion XL) operated at an accelerating voltage
of 20 kV. UV/Vis spectra were obtained using a Hewlett-Packard
8452A diode array spectrophotometer.

The calculation used in the article is based on the DDA
method.""! DDA is a computational method developed for studying
both the scattering and absorption of electromagnetic radiation by
particles with sizes on the order of or smaller than the wavelength of
incident light. In the calculation, the particle is divided into an array
of N polarizable point dipoles, each of which is characterized by a
polarizability of e;;. When the system is excited by a monochromatic
incident plane wave E;,, each dipole of the system will be subjected to
an electric field that can be split in two contributions: 1) the incident
radiation field E;;, and 2)the field radiated by all of the other
induced dipoles E, 4;,. The sum of both fields is the so-called local field
at each dipole (E;joc = Ejjnc + Eigip). Each dipole can be expressed as
an oscillating polarization with the dipole moment being P; = a; E; .
Both absorption and scattering cross-sections (C,,, and C,,) can be
obtained directly from P;. The refractive index of bulk Pd was used in
all calculations reported in this article, and the nanoparticle was
assumed to be surrounded by and filled with water (when it became
porous).
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